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Structures of the nucleons

• 99.97% of the visible mass of 
the Universe is composed of 
protons and neutrons

• Quantum Chromodynamics 
(QCD) at the confinement scale 
remains to be understood

Why is it interesting?



Discovery of proton and neutron

3

Rutherford Chadwick
~1919 1932

Building blocks of nuclei
proton neutron

http://en.wikipedia.org/wiki/File:Quark_structure_proton.svg


4

Evidences for sub-structure in the nucleons

• Anomalous magnetic moments for proton 
and neutron

• Excited states of the nucleons
• Quark model description of the nucleons
• Finite size of proton deduced from electron-

proton elastic scattering
• Deep-Inelastic Scattering (elastic scattering 

of electrons off charged quarks)
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Magnetic Moments of Leptons and Nucleons
Magnetic moments of charged leptons

Magnetic moments of nucleons
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Early explanation of nucleon anomalous 
magnetic moments

 (point-like)p n π +→ +

 (point-like)n p π −→ +

π +
•

• n

π −
•

• p

Meson cloud is responsible for the 
anomalous part ?

gp = 5.59 = 2 + 3.59

gn = -3.83 = 0 - 3.83
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Quark Model

{ }1 2 permutations
18

p u u d u u d u u d ↑= ↑ ↑ ↓ − ↑ ↓ ↑ − ↓ ↑ ↑ + 

“A search for stable quarks … would help to reassure us 
of the non-existence of real quarks” (Gell-Mann, 1964)

Octet Decuplet
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Observation of scaling behavior in 
deep-inelastic scattering

SLAC 

e p  e’ X
20 GeV electron beam

Friedman Kendall Taylor
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Observation of scaling behavior in 
deep-inelastic scattering

νW2 is the “form factor” (F(Q2)) 
for the deep-inelastic scattering, 

and is found to be   
independent of Q2
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Quark (parton) distributions in the proton

 is the fraction of 
the proton momentum 
carried by the quark  
(0 1)

x

q
x< <

Point-like particle called 
PARTON by Feynman

If the proton is Then q(x) is

Charged partons contain
  Valence quarks 
  Sea quarks and antiquarks 

( , )
( , )

u d
q q

•
•
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Sea quarks and valence quarks
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Flavor structure of the parton 
distributions in the proton
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From Frank 
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(1979)
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Gottfried Sum Rule (modified)
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Is   in the proton?u d=

Can be tested using the 
Gottfried Sum Rule 
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i
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“Prof. Bjorken and I constructed 

the sum rules in the hope of 
destroying the quark model” 

(Gottfried, 1967)
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Gottfried Sum-Rule

SG = 0.28 (SLAC),  SG = 0.235(EMC)  !

Is   in the proton?u d=

"The pairs  are suppressed more than  pairs
             by t
           

he excl
  (Fiel
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The Gottfried Sum Rule
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New Muon Collaboration (NMC) obtains
SG = 0.235 ± 0.026 ( Significantly lower than 1/3 ! )

1

0
( ( ) ( )) 0.148 0.04d x u x dx⇒ − = ±∫

Is   in the proton?u d=

Need independent methods to check the /
asymmetry and to measure the -dependence

d u
x
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The Drell-Yan Process
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Cited over 
1500 times
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Complimentality between DIS and Drell-Yan

Both DIS and Drell-Yan process are tools to probe the quark 
and antiquark structure in hadrons (factorization, universality)

DIS Drell-Yan

McGaughey, 
Moss, JCP, 
Ann.Rev.Nucl. 
Part. Sci. 49 
(1999) 217
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Lepton-pair production provides unique 
information on parton distributions

194 GeV/c
W Xπ µ µ− + −+ →

800 GeV/c
p W Xµ µ+ −+ →

1.8 TeV
p p l l X+ −+ →

Probe antiquark 
distribution in nucleon Probe antiquark 

distribution in pion 
Probe antiquark 

distributions in antiproton

Unique features of D-Y:  antiquarks, unstable hadrons…
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Fermilab E605 Dimuon Spectrometer
(E772 / 789 / 866 / 906 /1039)

"Nuclear Dependence of Drell-Yan and Quarkonium Production"

"Search for Two-Body De

(proposed in 1986 and completed in 1988)

(propose

1

d in 1989 and 
 

completed 

) Fermilab E772 
  
2) Ferm 8 iilab E7 9 
  

n 1991)
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cays of Heavy Quark Mesons"

"Determination of /  Ratio of the Proton via 
( n

Drell
d

-Ya
9

n"
3) Fermilab E866 
   
4) Fermilab
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propos d in 1993 a d co plet  in 1 96)

(proposed in 1999, completed in 
d u

"Drell-Yan with the FNAL Main Injector"
 (proposed in 2017, beam expected 2021)

   "Drell-Yan with Transversely Polarized Target"

   
5) Fermi

/

lab E1039/Spi t

2017)

nQues
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EXPERIMENT E789- Moving Cable at Meson. 
"The Snake".
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/  flavor asymmetry from Drell-Yand u
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800 GeV proton beam
on hydrogen and deuterium

 mass spectrumµ µ+ −

Fermilab 
E866
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Meson Cloud Models Chiral-Quark Soliton Model Instantons

• nucleon = chiral soliton

• expand in 1/Nc

• Quark degrees of freedom    
in a pion mean-field

Theses models also have implications on
• asymmetry between           and ( )s x ( )s x
• flavor structure of the polarized sea

Meson cloud has significant contributions to 
sea-quark distributions (Sullivan Process)

(For reviews, see Speth and Thomas (1997), Kumano (hep-ph/9702367 ), 
Garvey and Peng (nucl-ex/0109010), Chang and Peng (1406.1260))

Theory: Thomas, Miller, Kumano, Ma, Londergan, Henley, Speth, 
Hwang, Melnitchouk, Liu, Cheng/Li, etc. 

Origins of ( ) ( )?u x d x≠

22
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Origin of asymmetric sea
● Several models proposed to explain the origin of 

asymmetric sea
● Successfully describe the asymmetry at low x
● None of these models explains the asymmetry at high x

Statistical model
Lattice QCD

LP3 collaboration, arxiv: 1803.04393
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Search for the “intrinsic” quark sea

3 5

The "intrinsic"-charm  from |  is "valence"-like 
and peak at large  unlike the "extrinsic" sea

|

 

| |

( )

q qp P uud
uudcc

x g cc

P uudQQ〉 = 〉 + 〉 +

〉
→



In 1980, Brodsky, Hoyer, Peterson, Sakai (BHPS) 
suggested the existence of “intrinsic” charm

“extrinsic sea” “intrinsic sea”
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Implications on the “intrinsic” quark sea

3 5

The "intrinsic"-charm  from |  is "valence"-like 
and peak at large  unlike the "extrinsic" sea

|

 

| |

( )

q qp P uud
uudcc

x g cc

P uudQQ〉 = 〉 + 〉 +

〉
→



In 1980, Brodsky, Hoyer, Peterson, Sakai (BHPS) 
suggested the existence of “intrinsic” sea

“intrinsic”

“extrinsic”
The |  intrinsic-charm
can lead to large contribution 
to charm production at large 

uudcc

x

〉
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Blue band corresponds to CTEQ6 
best fit, including uncertainty

Red curves include intrinsic charm of 
1% and 3% (χ2 changes only slightly)

A global fit by CTEQ to extract intrinsic-charm 

No conclusive evidence for intrinsic-charm 26
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Search for the lighter “intrinsic” quark sea

No conclusive experimental evidence 
for intrinsic-charm so far

Are there experimental evidences for the intrinsic
| , | , | 5-quark states ?uuduu uuddd uudss〉 〉 〉

2
5 /1~ Qq mP

The 5-quark states for lighter 
quarks have larger probabilities!

3 5| | |q qp P uud P uudQQ〉 = 〉 + 〉 +

27
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How to separate the “intrinsic sea” from 
the “extrinsic sea”?

• Select experimental observables which have no 
contributions from the “extrinsic sea”

• “Intrinsic sea” and “extrinsic sea” are expected 
to have different x-distributions
– Intrinsic sea is “valence-like” and  is more 

abundant at larger x
– Extrinsic sea is more abundant at smaller x
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How to separate the “intrinsic sea” from the 
“extrinsic sea”?

• Select experimental observables which have no 
contributions from the “extrinsic sea”

=

only sea" intrinsic"  tosensitive is and             
)(sea  extrinsic from oncontributi no has qqgud →−
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Comparison between the ( ) ( ) data
        with the intrinsic 5-  model

d x u x
q

−

The difference in the 
two 5-quark 

components can also 
be determined

The data are in good 
agreement with the 5-q 
model after evolution 

from the initial scale μ to 
Q2=54 GeV2

5 5 0.118uuddd uuduuP P− =

(W. Chang and JCP , PRL 106, 252002)
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024.0  ;122.0  ;240.0 555 === suudsuuududuudd PPP

Extraction of the various light-quark 
intrinsic-sea components

314.02 555 =−+ suudsduudduuudu PPP024.05 =suudsP5 5 0.118uuddd uuduuP P− =

( ) ( )d x u x− ( ) ( ) ( ) ( )d x u x s x s x+ − −( ) ( )s x s x+

(W. Chang and JCP, PL B704, 197)



Other Implications

• Search for intrinsic charm and beauty at 
LHC and EIC.

• Intrinsic gluons in the nucleons? 
• Spin-dependent observables of intrinsic 

sea?
• Connection between the 5-quark model 

and lattice QCD calculations?
• Intrinsic sea for hyperons and mesons?

32
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Connected sea Disconnected sea

(valence-like) (sea-like)

1/2 1 dependence: 
 Flavor de

at small ,  CS ; DS  
 and  have both CS anpendence: d DS;  is entirely DS

x x x
u d

x
s

− −• −

•

 

Two sources of sea: 
Connected sea (CS) and 
Disconnected sea (DS)

CS and DS have 
different Bjorken-x and 

flavor dependences

(PRL 109, 252002)
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Connected sea Disconnected sea

(valence-like) (sea-like)

2 2

 For , moment
  Connected se

a carried by C
a component for ( ) ( ) is

S and DS are roughly eq
 valence-l

ual, 
at  =2.5 Ge

i e

V

k
u d

Q

u x d x+

•

•
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Does /  drop below 1 at large ?d u x

No existing models can explain sign-change
      for ( ) ( ) at any value of d x u x x−



Drell-Yan Experiment at Fermilab

• 2-year production run during 2014-2017
36

SeaQuest Experiment (Unpolarized Drell-Yan using 120 GeV proton beam)

45.0  toupasymmetry flavor  /  Measure:goal Main ≈xud

[ ]
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4 ( ) ( ) ( ) ( )
9 a a a a a

aD Y

d e q x q x q x q x
dx dx x xs

σ πα 
= + 

 
∑



•37

Dimuon mass spectrum from SeaQuest

● Data taken with LH2, LD2, C, Fe, W
● The data shows the J/Ψ, Ψ’ shoulder, and high mass 

Drell-Yan events

Nature 590, 561–565 (2021)
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Drell-Yan cross section ratio σpd/2σpp

 New data from SeaQuest shows /2 > 1 for 0.13 0.45
 Difference between E866 (at 800 GeV) and SeaQuest (120 GeV) is 

   partly due to different kinematics coverages

pd pp xσ σ• < <

•

Nature 590, 561–565 (2021)
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Nature 590, 561–565 (2021)

/  result from SeaQuestd u

 Observe flavor asymmetry between ( ) and ( ) for 0.13 0.45
 The asymmetry ( ) / ( ) is found to be greater than 1 for the entire range
 The SeaQuest finding is in agreement with meson-cloud and sta

d x u x x
d x u x

• < <

•
• tistical models
 Results from SeaQuest can put further constraints on parton distribution functions (PDFs)
 Additional SeaQuest data (double the statistics) and other physics topics are being analyzed
•
•  
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JAM, PRD 104, 074031 (2021)
Impact on the proton PDFs

The STAR W-production data and SeaQuest data 
   signifcantly improve ( ) / ( ) knowledged x u x

STAR Data, PRD 
103, 012001 (2021)
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 J/  production is dominated by gluon-gluon fusion process
 J/  ratio should be 1, if gluon content of proton is the same as neutron
 The data show distinct difference for Drell-Yan and J/  cross sec

• Ψ
• Ψ
• Ψ tion ratios

pd ppComparison of σ /2σ  for Drell-Yan versus J/Ψ



Polarized Drell-Yan with polarized beam/target 
• Polarized Drell-Yan experiments are 

beginning to be studied
• Provide unique information on the quark 

(antiquark) spin  

Quark helicity 
distribution

Quark transversity 
distribution
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( ) and ( ) from  production at RHIC-spinu x d x W ±∆ ∆

 consistent with some models and lattice u d∆ > ∆

( ) ( )x u x x d x∆ − ∆
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Polarized Drell-Yan experiment at Fermilab
(E1039) to study sea-quark Sivers function

Expected to start data-taking in 2022
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Sullivan process – scattering from nucleon-meson fluctuations

Detect scattered electron 

DIS event –
reconstruct x, Q2, 
W2, also MX (Wπ)
of undetected 
recoiling hadronic 
system

Pion/Kaon target 
(undetected)

Detect “tagged” 
neutron/lambda

“Flux factor”

i = π, ρ, …

(courtesy of Rolf Ent)
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Future Electron-Ion Collider (EIC)



More surprises in the nucleon sea 
might await us…. 
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